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The excitation photocapacitance method was applied to n-GaAs:Te sn=431016 cm−3d prepared by
annealing under various excess arsenic vapor pressures. By changing the primary excitation photon
energies, the emission spectra for the EL20→EL2+ and EL2+→EL2++ transitions were determined.
Considering the electron capture processes of the valence band sVBd→EL2+ s0.67 eVd and VB
→EL2++ s0.47 eVd at 77 K, the Frank–Condon shifts sdFCd of the annealed GaAs crystals were
determined for the EL2+ level on the basis of the configuration coordinate model. It was shown that
the lattice relaxation around the EL2 level is larger under arsenic-poor conditions, and thus it is
considered that arsenic vacancies are closely related with the atomic configuration of the EL2
defect, in combination with excess arsenic defects. © 2005 American Institute of Physics.
[DOI: 10.1063/1.1839635]
I. INTRODUCTION
The excess-arsenic-related midgap donor EL2 is a well-
known intrinsic point defect in GaAs and has been investi-
gated extensively by a wide variety of measurements and
model calculations for over 20 years. The dominant reasons
for intensive research on EL2 are its serious effects on semi-
insulating GaAs substrates1 and the device performance of
GaAs-based integrated circuits from a practical aspect. From
the point of view of defect chemistry, its unusual photore-
sponse (photoquenching effect)2 and thermal recovery
phenomenon3 have been attractive, but as yet its atomic con-
figuration is still unknown, despite several proposals.4 Re-
cently, the direct observation of isolated arsenic antisites
sAsGad in LT–GaAs was reported by Hida et al.,5 who used
scanning tunneling microscopy (STM) coupled with spectro-
scopic measurements. However, the direct verification of the
validity of isolated AsGa is not possible from comparisons of
STM images.
One of the characteristic features of the EL2 defect is its
large lattice relaxation, which is closely related with the
atomic structure of the defects. Yu6 obtained a value for dFC
of EL2 as 0.11 eV from the temperature dependence of
EL2-related photoluminescence emissions. Yu et al.7 also
reported the larger dFC of the EL6 level as 0.34 eV by the
same experimental procedures. Another well-known point
defect in AlGaAs that features large lattice relaxation is the
so-calledDX center8,9 sdFC=0.75 eVd, and site-selective
x-ray absorption fine structure results suggest that the Ga in
the DX center is accompanied by a large lattice relaxation.10
Recently, by using a precise x-ray diffraction method, Kow-
alski et al.11 reported the direct observation of lattice distor-
tions in S.I. and LT–GaAs, coupled with a photoquenching
phenomenon. In order to gain a better understanding of EL2
defect structures, the determination of the lattice relaxation
around the defects and its relationship with nonstoichiometry
is essential.
In this article, the excitation photocapacitance method
was applied to n-GaAs doped with Te sn=431016 cm−3d,
and the emission and capture spectra of the EL2+ state were
obtained. The value of dFC for the EL2+ state was then de-
termined for several specimens prepared by annealing under
controlled arsenic vapor pressures. The values of dFC and the
lattice relaxation around the EL2 defects were discussed with
regard to the crystal stoichiometry. The EL2+ and EL2++
states were induced by the illumination with the primary
excitation photon energy shn1d until the ion density reached
its maximum in the course of the photoquenching phenom-
enon. The EL2+ and EL2++ states were detected as electron
capture from the valence band (VB) at 0.67 and 0.47 eV,
respectively, at 77 K. By changing the primary excitation
photon energy shn1d, the emission spectra for the EL20 and
EL2+levels were obtained.
II. EXPERIMENT
A. Sample preparation
Deviation from the stoichiometric composition of GaAs
was controlled by annealing the samples under different ar-
senic vapor pressures. The starting materials used for anneal-
ing were horizontal gradient freeze (HGF)-grown n-GaAs
crystals doped with Te with an electron concentration of 4
31016 cm−3 at nominal room temperature. It is noted that
commercially-available HGF and horizontal Bridgman
n-GaAs crystals are grown under an arsenic vapor pressurea)Electronic mail: nishizawa@hanken.jp
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of about 760 Torr. The initial EL2 concentration was deter-
mined to be about 231015 cm−3 by 50 K-photocapacitance
photoquenching measurements at 1.25 eV.
GaAs crystals were sealed in a dumbbell-type quartz am-
poule along with metallic arsenic, which was used to supply
the excess arsenic vapor pressure during annealing. The an-
nealing experiments were performed at 900°C for 67 h un-
der arsenic vapor pressures between 6 and 4820 Torr. The
temperature of the metallic arsenic sTAsd was used to control
the applied arsenic pressure above the GaAs sPGaAsd as
PGaAs = PAs 3˛TGaAsTAs , s1d
where PAs is the equilibrium arsenic vapor pressure12,13 at
TAs, and TGaAs is the annealing temperature.
In order to freeze-in the defects introduced at the anneal-
ing temperature, the quartz ampoules were dipped into water
just after the completion of the annealing cycle.
B. Photocapacitance measurements
Au/n-GaAs Schottky diodes were made by conventional
resistance-heating evaporation under vacuum for the
photocapacitance14 and the excitation photocapacitance mea-
surements. Under the constant capacitance condition,15 the
deep level density is obtained as the change in the bias volt-
age that is necessary to maintain a constant junction capaci-
tance. The asymptotic to the saturation level density DNTs‘d
is obtained as
DVphs‘d = Vph − Vdark =
qW2
2«
DNTs‘d , s2d
DNTs‘d =
2«
qW2S enep + enDDVphs‘d
=
2Cset
2
q« S enep + enDDVphs‘d , s3d
where Vph is the bias voltage necessary to keep the junction
capacitance constant during photoexcitation, Vdark is the bias
voltage necessary to keep the capacitance constant in the
dark, DVphs‘d is the change in bias voltage before and after
illumination, Cset is the junction capacitance (kept constant
during the measurements), W is the depletion layer thickness
(which is determined by Cset), « is the dielectric constant of
GaAs, q is the electron charge, en is the electron emission
rate, and ep is the hole emission rate. When en@ep is valid,
the deep level density DNTs‘d can be simply obtained by
DNTs‘d =
2Cset
2
q«
DVphs‘d . s4d
The earlier measurements were repeated at each wave-
length with forward bias injection in the dark, and then the
photocapacitance level density spectrum was obtained. The
measurement sequence is shown schematically in Fig. 1.
In the spectral region at about 1.0–1.5 eV, the so-called
photoquenching phenomenon is observed in n-GaAs at
,110 K. Therefore, under light irradiation, the ion density
shows a rapid increase and reaches its maximum value
sNmaxd. The ion density then decreases and reaches the
asymptotic saturation ion density sNasymd with continuous
photoquenchable light irradiation. The difference in these ion
densities Nquench s=Nmax−Nasymd reflects the photoquenchable
deep level density. The Nquench photocapacitance spectra are
also measured as a function of wavelength.
Excitation photocapacitance measurements were carried
out at 77 K. The sample diodes were forward-biased in the
dark to neutralize all deep levels and the EL2 level was
maintained in its neutral ground state in the dark. Primary
excitation monochromatic light shn1d was then illuminated
into the depletion layer under the constant capacitance con-
dition. The primary excitation light shn1d was illuminated
until the ion density showed its maximum value, and then the
ion density photocapacitance spectrum was measured from
the long wavelength shn2d. When the ion density reaches its
maximum value, the charge state of the EL2 changes from its
neutral ground state to the ionized ground state. Thus, the
successive use of long wavelength light shn2d allowed us to
detect the optical transition from the VB to the ionized
ground state of EL2.
The attainment of the maximum ion density using the
primary excitation light shn1d illumination was automatically
detected by our photocapacitance measurement system,
through in situ derivative calculations of the photocapaci-
tance signal. The steady state ion density induced by the
illumination with hn2 can also be obtained automatically
FIG. 1. Schematic photocapacitance measurement procedures under con-
stant capacitance conditions with repetitive forward injection in the dark to
neutralize all deep levels before each photo excitation event. (a) Normal
photocapacitance transients observed in the spectral region below about
1.0 eV in n-GaAs. (b) Photocapacitance transients observed in the spectral
region above about 1.0 eV, where the photoquenching phenomenon occurs
in n-GaAs.
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when the photocapacitance signal is properly stabilized.
Schematic measurement sequences of the excitation photo-
capacitance measurements are shown in Fig. 2. The energy
interval for the primary excitation light shn1d is 20 meV,
while shn2d is 10 meV for the ion density photocapacitance
spectra measurements. The resolution of the excitation light
source fed from the monochromator is well below 1 meV in
this spectral region.
III. RESULTS AND DISCUSSION
Figure 3 shows the ion density photocapacitance spectra
of the starting n-GaAs. In Fig. 3(a), Ndark is the relative ion
density in the dark after forward injection to neutralize all of
the deep levels before each photo excitation event. Ndark cor-
responds to the relative thermally ionized level density in the
dark. It should be noted that Ndark is almost constant in the
spectral range of 0.40–1.60 eV. Thus, almost all of the deep
levels are neutralized before each photoexcitation event by
the forward injection in the dark, which also causes the EL2
level to recover16 from its metastable state to the neutral
ground state before each photoexcitation event.
The ion density increased with light irradiation time in
the spectral range between 0.40 and 1.00 eV due to ioniza-
tion of the deep levels, and therefore the ion density shows
saturation after the ionization is completed. In the spectral
range between 1.00 and 1.45 eV, the ion density shows a
rapid increase and reaches its maximum ion density sNmaxd
due to the photoquenching phenomenon. The ion density
then decreases after continuous light irradiation, and reaches
its asymptotic ion density sNassymd. The value of Nquench
=Nmax−Nassym corresponds to the photoquenchable level
density at each wavelength. In Fig. 3(b), the spectral distri-
bution of Nquench is shown as a function of wavelength, and it
is evident that Nquench shows clear two peaks at 1.25 and
1.41 eV, respectively.
Figure 4 shows the arsenic vapor pressure dependence of
the Nquench spectra. As shown in Fig. 4, the Nquench spectra
show two clear peaks at 1.25 and 1.41 eV for each sample.
Figure 5 shows the dependence on arsenic vapor pressure of
the photoquenching level densities at 1.25 and 1.41 eV. It is
clear that the dependences on arsenic vapor pressure exhibit
a different tendency between 1.25 and 1.41 eV in terms of
the photoquenching level. The 1.25 eV photoquenching level
density shows a monotonic increase above 10 Torr, approxi-
mately following the 0.45th power of the arsenic vapor pres-
sure sfPGaAsg0.45d, and the 1.41 eV photoquenching level
density also shows a monotonic increase above 50 Torr that
is in proportion to the arsenic vapor pressure sfPGaAsg1.0d.
Under low arsenic vapor pressures of 6–50 Torr, the
1.41 eV photoquenching level density decreased with arsenic
vapor pressure following a power law of 0.5sfPGaAsg−0.5d.
This quenchability at 1.41 eV has not usually been reported.
FIG. 2. Schematic drawing of the excitation photocapacitance measurement
sequence. The dotted lines show the change in the ion density due to the
photoquenching phenomenon if the primary excitation light shn1d is illumi-
nated continuously. In the case of the present excitation photocapacitance
measurements, the primary excitation light shn1d is illuminated until the ion
density shows its maximum value and is then terminated. (a) shows a sche-
matic drawing of the photocapacitance transients during excitation photoca-
pacitance measurements. (b) shows a schematic drawing of the change of
charge state of the EL2 level during the excitation photocapacitance
measurements.
FIG. 3. 77 K photocapacitance spectra of nonannealed n-GaAs doped with
Te sn=431016 cm−3d. Nmax, Nassym, and Ndark represent the spectra of the
maximum ion densities, the ion densities asymptotic to the saturation value,
and the ion densities in the dark before photoexcitation, respectively. (b)
Photoquenchable level density sNquench=Nmax−Nassymd spectrum.
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However, as reported by Taniguchi and Ikoma,17 the photo-
quenching efficiency shows a maximum at around 1.2 eV,
although it was shown that the photoquenching even oc-
curred above 1.4 eV in some samples. This complicated pho-
toquenching spectra is evidence for the “EL2 family” model.
Figure 6 shows the excitation photocapacitance spectra
of the starting material, which is not annealed. It is notice-
able that the starting GaAs crystals were grown under an
arsenic vapor pressure of about 760 Torr. It is evident that no
neutralization of the ionized levels can be seen due to illu-
mination at the primary excitation photon energies shn1d of
0.8–1.02 eV. However, the ionized level is detected at
0.67 eV above the valence band, by the illumination of hn1
at 1.04–1.26 eV, and the 0.47 eV+Ev level is also detected
by the illumination of hn1=1.28–1.44 eV in addition to the
0.67 eV+Ev level.
The excitation photocapacitance spectra of a 46 Torr an-
nealed n-GaAs specimen were also measured as a function
of primary excitation photon energy shn1d. It was noted that
the 46 Torr annealed sample had an arsenic-poor composi-
tion, because PGaAs=46 Torr is lower than the optimum ar-
senic vapor pressure at the annealing temperature of 900°C
s56 Torrd.18 By illumination of the primary excitation photon
energies shn1d between 0.80–1.08 eV, no neutralized level
could be seen in the spectral region between 0.40–0.80 eV.
However, a decrease in ion density is seen at 0.47 and 0.
0.67 eV, induced by illumination with hn1 above 1.10 eV. In
this case, the decrease in the ion density indicates the neu-
tralization of ionized levels by electron transitions from the
VB to the ionized levels.
The excitation photocapacitance spectra of 4820 Torr
annealed GaAs were also measured. It was noted that the
applied arsenic vapor pressure of 4820 Torr was much
higher than the optimum arsenic vapor pressure s56 Torrd at
the annealing temperature, thus the 4820 Torr annealed
sample has an arsenic-rich (excess arsenic) composition. The
neutralization of the ionized level is seen at 0.67 eV by illu-
mination of the primary excitation photon energies shn1d of
0.80–1.08 eV, and then the 0.47 eV+Ev ionized level is de-
tected in addition to the 0.67 eV+Ev level by the illumina-
tion of hn1=1.10–1.52 eV.
It should be noted here that the 0.67 and 0.47 eV+Ev
levels can only be seen in the course of the photoquenching
phenomenon, i.e., when the primary excitation photon en-
ergy shn1d was illuminated continuously to the end of the
photoquenching process, both the 0.67 and 0.47 eV+Ev lev-
els disappeared,19 because the EL2 was transformed into its
metastable state and there was no ionized EL2 state after
completion of the photoquenching. Thus, considering the
previous reported results,19,20 the 0.67 and 0.47 eV+Ev lev-
els are attributed to the EL2+ and EL2++ states, respectively,
which are transformed to the undetected EL2 metastable
state after the completion of the photoquenching phenom-
enon. In addition, any concern regarding unintentional impu-
rity contamination by Cu (Ref. [21]) and Cr (Ref. [22]), etc.,
during the high temperature annealing can be excluded, since
these impurity levels do not disappear, even after the
FIG. 4. (Color) Photocapacitance photoquenching spectra sNquenchd of n
-GaAs:Te sn=431016 cm−3d prepared by annealing at 900°C for 67 h un-
der various arsenic vapor pressures.
FIG. 5. Arsenic vapor pressure dependences of the photoquenching level
density at 1.25 and 1.41 eV.
FIG. 6. (Color) Excitation photocapacitance spectra of the starting n
-GaAs, which is not annealed. It is noted that the starting GaAs crystals
were grown under an arsenic vapor pressure of about 760 Torr. Each spec-
trum is shifted along the vertical axis in order to distinguish the individual
plots.
033705-4 Y. Oyama and J. Nishizawa J. Appl. Phys. 97, 033705 (2005)
Downloaded 11 Nov 2008 to 130.34.135.83. Redistribution subject to ASCE license or copyright; see http://jap.aip.org/jap/copyright.jsp
completion of the photoquenching phenomenon, i.e., Cu and
Cr impurity levels do not exhibit the photoquenching phe-
nomenon.
Figures 7(a)–7(c) show the neutralized level density at
0.67 and 0.47 eV as a function of the primary excitation
photon energies shn1d obtained from the excitation photoca-
pacitance results mentioned earlier. From these results, the
configuration coordinate diagram was generated, as shown in
Fig. 8, where the generic parameters are labeled; the numeri-
cal data for each sample is presented in Table I. In the
arsenic-poor sample that was annealed under an arsenic va-
por pressure of 46 Torr, the EL2 neutral ground state sEL20d
was excited by the 1.16 eV monochromatic light, and then
the charge state of the EL2 level was transformed from EL20
to EL2+ via the EL20→CB (conduction band) electron tran-
sition. Successively, the EL2+ state was transformed to
EL2++ state by 1.26 eV photoexcitation via the EL2+→CB
transition. The EL2+ and EL2++ ionized states were detected
at 0.67 and 0.47 eV as neutralized levels via VB→EL2+ and
VB→EL2++ transitions, respectively.
With regard to the EL2 singly-charged state sEL2+d, both
the electron emission and capture energies were determined
as 1.26 and 0.67 eV, respectively. Thus, the Frank–Condon
shift sdFCd was estimated as 0.21 eV when the direct band
gap at 77 K is 1.51 eV.
Similarly, for the starting n-GaAs, the EL20→EL2+
transition was induced by 1.06 eV photoexcitation via the
EL20→CB electron excitation, and the EL2+→EL2++ tran-
sition was induced by photoexcitation at 1.10 eV, respec-
tively. Thus, dFC was obtained as 0.13 eV for the starting
material. For the arsenic-rich n-GaAs annealed under an ar-
senic vapor pressure of 4820 Torr, the EL20→EL2+ and the
EL2+→EL2++ transitions were induced by irradiation with
light at 0.80 and 1.08 eV, respectively. The EL2+ and EL2++
levels were also detected as the neutralization of the ionized
levels at 0.67 and 0.47 eV, respectively. Thus dFC for
4820 Torr annealed GaAs with an arsenic-rich composition
was determined as 0.11 eV. The value of dFC and the EL20
→EL2+/EL2+→EL2++ transition energies are summarized
in Table I.
It was noticed that the valued of dFC of 0.12 and 0.13 eV
for the 4820 Torr annealed and the starting n-GaAs were
similar to those obtained by Yu.6 However, the dFC value of
0.21 eV obtained for the 46 Torr annealed n-GaAs with the
arsenic-poor composition was large. This means that the EL2
defect in the arsenic-poor composition will undergo larger
lattice relaxation than that in the arsenic-rich composition.
From the excitation photocapacitance results mentioned
FIG. 7. (a)–(c) Neutralized level density spectra at 0.67 and 0.47 eV ob-
tained from the excitation photocapacitance results. (a) 46 Torr annealed
n-GaAs, (b) starting n-GaAs, (c) 4820 Torr annealed n-GaAs.
FIG. 8. Configuration coordinate model with labeled parameters. The nu-
merical data for each sample are presented in Table I.
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earlier, it can be shown that any deviation from the stoichio-
metric composition of GaAs affects the lattice relaxation of
the EL2 defect, which is closely related with the defect struc-
ture. In particular, it is noted that the arsenic-poor composi-
tion induces the EL2 defect with large lattice relaxation.
As has been well reviewed in the literature,23 many
structural models have been proposed for EL2 defects from
experimental results and model calculations. Oxygen24 and
isolated arsenic antisites sAsGad25 were proposed at the early
stages of investigations into the EL2 phenomenon. Latterly,
an AsGa defect complex including at least one arsenic va-
cancy sVAsd,
26
arsenic interstitials sIAsd
27
and aggregations
with other defects17 have been also proposed. Recently, a
three-center-complex involving VAs–AsGa–GaAs has been
suggested28 from the thermal recovery phenomenon of pho-
toquenched EL2 defects. The structural models (including
AsGa and VAs) are consistent with the behavior of the EL2
center, and model calculations29 have revealed the bistability
of defects corresponding to the photo-quenching phenom-
enon. However, the physical structure of the EL2 defects
unfortunately remains unknown.
In the case of the present GaAs specimens, direct inter-
defect correlation is impossible, because the EL2 concentra-
tion is low (in the range of 1014–1015 cm−3) and so the in-
terdefect distance is estimated as being a few 100 atoms in
the lattice. Therefore, it is considered that other defects will
affect the lattice relaxation of the EL2 defects. One of the
most probable candidates for the related defects are arsenic
vacancies sVAsd in the arsenic-poor GaAs. Positron annihila-
tion measurements30 estimated the VAs concentration as
1–431017 cm−3 in the as-grown GaAs bulk crystals. It is
believed that the VAs concentration should increase when
GaAs crystals are annealed at high temperature under low
arsenic vapor pressures. However, it has been reported31 that
high concentrations s1018–1019 cm−3d of vacancies cannot
apparently be detected directly by deep-level transient spec-
troscopy (DLTS), nor by deep-level optical transient spec-
troscopy (DLOS), because it was explained32 that DLTS and
DLOS are more sensitive to differences in the decoration of
the vacancies than to positron lifetime data, where the posi-
tron lifetime reflects the open volume of a defect directly and
is thus rather insensitive to its surroundings.
If this is the case in the present experiments, it is pos-
sible to consider that VAs in the arsenic-poor GaAs will af-
fect the lattice relaxation of the EL2 defect, which contains
VAs as one of the components of the defect structure, in
addition to the excess arsenic atom-related defects.
IV. SUMMARY
The excitation photocapacitance method was applied to
n-GaAs:Te sn=431016 cm−3d prepared by annealing under
various excess arsenic vapor pressures. By changing the pri-
mary excitation photon energies, the threshold photon ener-
gies for EL20→EL2+ and EL2+→EL2++ transitions were
determined for a series of annealed and nonannealed
samples. Frank–Condon shifts dFC were determined for the
EL2+ level on the basis of the configuration coordinate
model. It was shown that the lattice relaxation around the
EL2 level is larger for the arsenic-poor composition, and
thus the arsenic vacancy sVAsd is closely related with the
atomic configuration of the EL2 defect in combination with
excess arsenic atom-related defects.
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